Background: The present exploration deliberates the effect of nonlinear thermal radiation on double diffusive free convective boundary layer flow of a viscoelastic nanofluid over a stretching sheet. Fluid is assumed to be electrically conducting in the presence of applied magnetic field. In this model, the Brownian motion and thermophoresis are classified as the main mechanisms which are responsible for the enhancement of convection features of the nanofluid. Entire different concept of nonlinear thermal radiation is utilized in the heat transfer process. Methods: Appropriate similarity transformations reduce the nonlinear partial differential system to ordinary differential system which is then solved numerically by using the Runge-Kutta-Fehlberg method with the help of shooting technique. Validation of the current method is proved by having compared with the preexisting results with limiting solution. Results: The effect of pertinent parameters on the velocity, temperature, solute concentration and nano particles concentration profiles are depicted graphically with some relevant discussion and tabulated result. Conclusions: It is found that the effect of nanoparticle volume fraction and nonlinear thermal radiation stabilizes the thermal boundary layer growth. Also it was found that as the Brownian motion parameter increases, the local Nusselt number decreases, while the local friction factor coefficient and local Sherwood number increase.
Background
In the modern day, a great deal of interest has been created on heat and mass transfer of the boundary layer flow over a stretching sheet, in view of its numerous applications in various fields such as polymer processing industry in manufacturing processes. Sakiadis (1961a; Sakiadis, 1961b) first studied the boundary layer problem assuming velocity of a bounding surface as constant. Crane (1970) computed an exact similarity solution for the boundary layer flow of a Newtonian fluid toward an elastic sheet which is stretched with velocity proportional to the distance from the origin. It is noteworthy to mention that both of these studies are regarding Newtonian fluid. Subsequently, the pioneering works of Sakiadis and Crane have been extended by including various effects such as suction/injection, porosity, magnetic field, variable material properties, thermal radiation, heat source/sink, and slip boundary, for either a Newtonian or non-Newtonian fluids. In recent years, researches on boundary layer flow and heat transfer in nanofluids have received amplified devotion due to their growing importance in numerous industrial and biomedical applications. Nanofluid is dilute suspension of nanoparticles with at least one of their principal dimensions smaller than 100 nm and the base fluid. Nanofluids are very stable and free from extra issues of sedimentation, erosion, additional pressure drops, and rheological characteristics. This is due to the tiny size and the low-volume fraction of nanoelements. Thus, nanofluids have principal advantage about enhancement in thermal conductivity and the convective heat transfer coefficient when compared with the customary base fluids which comprise water, oil, and ethylene glycol. The nanomaterials are more operative in terms of heat exchange performance in micro/nanoelectro mechanical devices, for growing demands of modern technology, including power station, chemical production, and microelectronics. Especially, the magneto nanofluids are significant in applications like optical modulators, magneto-optical wavelength filters, tunable optical fiber filters, and optical switches. Choi (1995) was first to use the term nanofluids to refer to the fluid with suspended nanoparticles. Thermophysical properties of nanofluids such as thermal conductivity, diffusivity, and viscosity have been studied by Kang et al. (2006) . The theoretical/experimental investigations on nanofluid flow and heat transfer were conducted by Rudyak et al. (2010) , Wang et al. (1999) , Eastman et al. (2001) , and Rudraswamy et al. (2016; initiated an incompressible nanofluid over an impermeable stretching sheet and considered the uniform magnetic field. To make such investigations, the following studies are quite useful (Kai-Long Hsiao (2016; Hsiao 2014; Hsiao 2017a; Buongiorno (2006) , Khan and Pop (2010) , and Kuznetsov and Nield (2010) ). They concluded that the nanofluids possess the novel property of enhanced thermal conductivity of the working fluids.
Researchers are paying their attention to investigate the properties of non-Newtonian fluids because of their numerous technological applications, including manufacturing of plastic sheets, performance of lubricants, and movement of biological fluids. Nadeem et al. (2014) initiated the boundary-layer flow and heat transfer of a Maxwell fluid past a stretching sheet. Shehzad et al. (2015) have observed the influence of nanoparticles in MHD flow of Jeffrey fluid over a stretched surface, and they considered the thermal and nanoparticle concentration convective boundary conditions. Khan and Gorla (2011) studied heat and mass transfer in non-Newtonian nanofluids over a stretching surface with prescribed wall temperature and surface nanoparticle concentration. Recently, Rizwan et al. (2014) , Ganesh et al. (2017) , and Rudraswamy et al. (2017) also discussed the nanofluid in the presence of Newtonian heating and viscous dissipation over a stretching sheet (Fig. 1) .
During the past four decades, the investigators have devoted to the double-diffusive phenomena because of their various applications in chemical engineering, solid-state physics, oceanography, geophysics, liquid gas storage, production of pure medication, oceanography, high-quality crystal production, solidification of molten alloys, and geothermally heated lakes and magmas, etc. Khan and Aziz (2011) analyzed the double-diffusive natural convective boundary layer flow in a porous medium saturated with a nanofluid over a vertical plate with prescribed surface heat, solute, and nanoparticle fluxes. Nield and Kuznetsov (2011) presented the double-diffusive nanofluid convection in a porous medium using analytical method. Numerous models and methods have been proposed by many researchers and academicians to advance their studies relating to problems involving various parameters. To make such investigations, the following studies are quite useful (Sharma et al. (2012) , Hayat et al. (2014) , Beg et al. (2014) , Goyal and Bhargava (2014) , Gaikwad et al. (2007) , Wang (1989) , and Gorla and Sidawi (1994) ).
Motivated by the aforementioned researchers, we have considered the level of species concentration is moderately high so that the thermal diffusion (Soret) and diffusion-thermo (Dufour) effects cannot be neglected. In view of the above discussion, the necessity of Soret and Dufour effects and inclusion of nonlinear thermal radiation in the heat transfer and first-order chemical reaction not only enrich the present analysis but also complement the earlier studies. The inclusion of these phenomena gives rise to additional parameters such as viscoelastic parameter, Brownian motion parameter, thermophoresis parameter, modified Dufour parameter, regular double-diffusive buoyancy ratio, nanofluid buoyancy ratio, mixed convection parameter, radiation parameter, Dufour Lewis number, nanofluid Lewis number, and regular Lewis number. Thus, inclusion of additional parameters contributes to the complexity of the mathematical model representing the flow, heat, and mass transfer phenomena. To the best of author's acquaintance, no work has been so far reported considering above phenomenal together.
Mathematical formulation
Consider a steady two-dimensional laminar flow of an incompressible and electrically conducting viscoelastic nanofluid over a stretching surface. The flow models for elastic-viscous and double-diffusive are considered. The Brownian motion and thermophoresis are taken into consideration. It is also assumed that in its plane, the surface of the sheet is stretched with the velocity u w = ax (where a > 0 is the constant acceleration parameter). The x-axis is taken vertically upwards, and flow is confind in the region at y = 0. T w , C w , and N w denote the constant values of the temperature, solutal concentration, and the nanoparticle concentration at the boundary and at the large distance from the sheet (y → ∞), the temperature, solutal concentration, and the nanoparticle concentration are represented by T ∞ , C ∞ , and N ∞ , respectively. It is worth mentioning that T w > T ∞ , C w > C ∞ , and N w > N ∞ as a results of these conditions, the momentum, thermal, solutal, and nanoparticle concentration boundary layers are formed near the solid surface. The sheet is saturated in a medium which is saturated by a binary fluid with dissolved solutal and containing nanoparticles in suspension. The fluid phase and nanoparticles both are assumed to be in thermal equilibrium state. The thermo physical properties of the nanofluid are assumed to be constant. Under the usual boundary layer approximation, the five governing equations were derived by Buongiorno (2006) , Khan and Pop (2010) , and Kuznetsov and Nield (2010) , which represent equations of conservation of mass, momentum, thermal energy, solute, and nanoparticles.
The boundary conditions to the problem are given as follows:
where u and v are the components of velocity along the x and y directions, ρ f is the density of base fluid, ρ p is the nanoparticle density, μ is the absolute viscosity of the base fluid, υ is the kinematic viscosity of the base fluid, σ is the electrical conductivity of the base fluid, α is the material fluid parameter, T is the fluid temperature, Table 1 Comparison of the result for Nusselt number −θ ′ (0) when Nd = Le = Ld = α = λ = 0, Bi = 1 , R = 1 , θ w = 1, M = 1.5 , Nc = 0.1, Ln = 0, Nb = Nt → ∞ C is the solutal concentration, N is the nanoparticle volume fraction,
is the ratio of effective heat capacity of nanoparticle material to heat capacity of fluid, T f is the hot fluid at temperature, D TC and D CT are the Dufour and Soret type diffusivity, D S is the solutal diffusivity, D B and D T are the Brownian diffusion coefficient and thermophoresis diffusion coefficient, β C is the volumetric solutal expansion coefficient of the fluid, β T the is volumetric thermal expansion coefficient of the fluid, h f is the heat transfer coefficient and g and k are the acceleration due to gravity and thermal conductivity of the fluid, respectively.
The Rosseland diffusion approximation for radiation heat flux q r is given by
where σ * and k * are the Stefan-Boltzmann constant and the mean absorption coefficient, respectively.
In view of Eq. (7), Eq. (3) reduces to
Yang et al. [38] have shown that a similarity relation is not possible for flows in stably stratified media. Similarity transformation is possible only for the case of temperature decreasing with height, which is physically unstable. Such is the present case, and hence, Eqs. (2) to (5) subjected to boundary conditions (6) admit selfsimilar solution in terms of the similarity function f(η) , θ(η) , γ(η), and ϕ(η) and the similarity variable η which is defined as follows:
where
; θ w > 1 being the temperature ratio parameter.
Substituting the expressions in Eq. (9) into Eqs. (2)- (5), we obtain the following transformed similarity equations:
The transformed boundary conditions are
is the Brownian motion parameter,
is the thermophoresis parameter,
is the nanofluid buoyancy 
is the radiation parameter, Ld These parameters characterize surface drag, wall heat transfer, regular mass transfer, and nanoparticle mass transfer rates, respectively. These quantities are defined as
where τ w is the wall skin friction, q w is the wall heat flux, and q m and q np are the solutal wall mass flux and nanoparticle wall mass flux at the surface of the sheet, respectively, which are given by the following expressions: 
Following Kuznetsov and Nield (2010) , the reduced local skin friction, local Nusselt number, reduced local Sherwood number, and reduced nanofluid Sherwood number can be introduced and represented as
is the local Reynolds number.
Methods
The reduced set of coupled similarity Eqs. (10)- (13) subject to boundary condition (14) are highly nonlinear in nature; thus, it is very difficult possess a closed form analytical solution. Therefore, it has been solved numerically by fourth-fifth order Runge-Kutta-Fehlberg integration scheme with the help of algebraic software Maple. The algorithm in Maple has been well tested for its accuracy and robustness. Thus, this has been used to solve a wide range of nonlinear problems. In this method, we choose a finite value of η → ∞ as η 6 in such a way that the boundary conditions are satisfied asymptotically. Table 1 depicts the validation of the current results by comparison with the existed literature for some special restricted cases (Khan and Pop (2010) , Wang (1989) , Gorla and Sidawi (1994) . Further, the results are also compared with Khan and Pop (2010) and Goyal and Bhargava (2014) for numerous values of Nt and Nb which is tabulated in Tables 2 and 3 . We notice that the comparison shows smart agreement for every value of Nt and Nb, which confirm that the current results are accurate. Numerical values of local Nusselt, Sherwood, and nanofluid Sherwood number are also depicted in Tables 4 and 5 for various 
Results and discussion
The main aim of this section is to analyze the effects of various physical parameters like Biot number, magnetic parameter, Prandtl number, radiation parameter, thermophoresis parameter, Brownian motion, and viscoelastic parameter. Hence, Figs. 2, 3, 4, 5, 6, 7, 8, 9 , 10, , 12, 13, 14, 15, 16, 17 , and 18 have been plotted for such objective. Figure 2a describes the influences of double-diffusive buoyancy ratio parameter (Nc) on velocity and temperature profiles. It is observed that velocity profile is an increasing function of doublediffusive buoyancy ratio parameter; as a result, momentum boundary layer thickness increases. Figure 2b depicts that the solutal concentration reduced by increasing the buoyancy force parameter. Further, it is observed that the corresponding boundary layer is also reduced. Figure 3a , b is plotted to visualize the effects of double-diffusive buoyancy ratio parameter on temperature and nanoparticle concentration profile. From these figures, we observed that increasing values of the double-diffusive buoyancy ratio parameter lead to decrease the temperature, nanoparticle concentration, and corresponding boundary layer thickness as shown in Fig. 3a, b . . It depicts that the velocity field and momentum boundary layer thickness increase by increasing mixed convection parameter as shown in Fig. 4a . Figure 4b illustrates that the solutal concentration profile and its boundary layer thickness are a decreasing function of mixed convection parameter. As viewed from Fig. 5a , b, the temperature and nanoparticle concentration profiles decreased significantly with an increase in mixed convection parameter.
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Figures 6a, b and 7a, b show the velocity, solutal concentration, temperature, and nanoparticle concentration profile for different values of viscoelastic parameter (α), respectively. From this plot, it is evident that increasing values of viscoelastic parameter oppose the motion of the liquid close to the stretching sheet and assist the motion of the liquid faraway from the stretching sheet. Increasing values of viscoelastic parameter enables the liquid to flow at a faster rate, due to which there is decline in the heat transfer. This is responsible for the increase in momentum boundary layer, whereas the thermal, solute concentration, and nanoparticle concentration boundary layers reduce when the viscoelastic effects intensify. Figure 8a , b, respectively, shows the effect of magnetic parameter (M) on the velocity and solute concentration profile. In general, the application of transverse magnetic field will result a restrictive type of force (Lorenz's force) similar to drag force which tends to resist the fluid flow and thus reducing its velocity. It is clear that, as the magnetic parameter increases, it reduced the velocity profile and enhanced the solute concentration profile. Figure 9a , b reveals the temperature and nanoparticle concentration profile for different values of magnetic parameter. It is observed from the above figures that, for increasing the values of M, the temperature and nanoparticle concentration distributions increase and also the corresponding boundary layer thickness.
The effect of nanofluid buoyancy ratio parameter (Nr) on velocity and solute concentration profile are depicted in Fig. 10a , b. It is evident from this figure that the velocity profile increases and solute concentration profile decreases for increasing the values Nr. The temperature and nanoparticle concentration profiles for different values of nanofluid buoyancy ratio parameter are presented in Fig. 11a , b, respectively. Thermal and nanoparticle boundary layer thickness decrease by increasing the nanofluid buoyancy ratio parameter. Figure 12a , b demonstrates the effect of temperature ratio and radiation parameter on temperature profile, respectively. Here, we observed that the temperature profile is an increasing function of temperature ratio and radiation parameter; as a result, thermal boundary layer thickness also increases. This is due to the fact that enhancement in the radiation parameter implies a decrease in the Rosseland radiation absorptive. Hence, the divergence of radiative heat flux q r increases as absorption coefficient decreases. Therefore, the rate of radiative heat transferred to the fluid increases and consequently the fluid temperature and simultaneously the velocity of the fluid also increases. Figure 13a , b describes the influences of Biot number and modified Dufour parameter on temperature profiles, respectively. The influence of Biot number (Bi) on the temperature profile is shown in Fig. 13a . The stronger convection leads to the maximum surface temperatures which appreciably enhance the temperature and the thermal boundary layer thickness. From Fig. 13b , it is noticed that the thermal boundary layer thickness increases by increasing the modified Dufour parameter (Nd). The variation of dimensionless solute concentration with Dufour Lewis number and regular Lewis number is illustrated Fig. 14a , b. An increase Dufour Lewis number enhances the solute concentration in the boundary layer thickness. But in case of regular Lewis number, it reduces the solute concentration in the boundary layer thickness as shown in Fig. 14b .
The effect of Prandtl number and nanofluid Lewis number on temperature and nanoparticle concentration profiles are exhibited in Fig. 15a , b, respectively. From Fig. 15a , we observed that an increase in the Prandtl number is seen to decrease the fluid temperature above the sheet. Physically it means that, the thermal boundary layer becomes thinner for the larger Prandtl number. The Prandtl number signifies the ratio of momentum diffusivity to thermal diffusivity. Hence, the Prandtl number can be used to increase the rate of cooling in conducting flows. From another plot, it is evident that increasing values of Lewis number reduces nanoparticle concentration profile; physically, it means that Lewis number lessens the mass diffusivity which in turn lessens the penetration depth of the concentration boundary layer as shown in Fig. 15b . Figure 16a , b portraits the consequences of Brownian motion parameter on temperature and nanoparticle concentration profile. The Brownian motion parameter (Nb) will increase the random motion of the fluid particles and boundary layer thickness conjointly, which ends up in an additional heat to provide. Therefore, temperature profile will increase. However, nanoparticle concentration profiles show an opposite behavior because increasing Brownian motion parameter enhances the nanoparticle volume fraction transfer rate. This can be shown in Fig. 16b . It is interesting that the variation of the Brownian motion parameter does not show a significant influence on the concentration and temperature profiles, but its effect on the velocity profiles is obvious in the vicinity of the wall.
The development of the thermophoresis parameter (Nt) on temperature and nanoparticle concentration profiles is inspecting in Fig. 17a, b. Raising the values of thermophoresis parameter enhance both temperature θ(η) and concentration ϕ(η) profiles. Physically, thermophoretic parameter increases the density of the thermal boundary layer. As a result, temperature rises with the improvement in thermophoresis. Further, the boundary layer thickness is higher for larger values of thermophoresis parameter. It is a mechanism which little particle area unit force off from the new surface to a chilly one. As a result, it maximizes the temperature and nanoparticle concentration of the fluid. The combined effects of Brownian motion and thermophoresis parameters on the reduced Sherwood number are shown in Fig. 18a . An increase in the values of Brownian motion and thermophoresis parameters results a decrease in Sherwood number, but Sherwood number increases by increasing values of the radiation parameter and Prandtl number. This can be shown in Figs. 18b and 19a , b.
Conclusions
The present work analyzes the double diffusion boundary layer flow of a viscoelastic nanofluid over a stretching sheet including the nonlinear thermal radiation, mixed convection, and magnetic effects. The radiative heat flux term in the energy equality is presented by means of the nonlinear Rosseland diffusion approximation. It should also be concluded that in contrast to the linear Rosseland diffusion approximation, when use is made of the nonlinear one, the problem is also governed by the newly temperature ratio parameter θ w . The results presented indicate quite clearly that θ w , which is an indicator of the small/large temperature difference between the surface and the ambient fluid, has a relevant effect on heat transfer characteristics and temperature distributions within the flow region generated by an isothermal sheet stretched. Also, the effects of various standards of emerging parameters are discussed for velocity, temperature, nanoparticle concentration, and solute concentration. The key results of the present analysis can be listed as below.
Magnetic field reduces the velocity the profile and enhances the temperature, solute, and nanoparticle concentration profiles. An increasing value of the regular buoyancy ratio, nanofluid buoyancy ratio, viscoelastic parameter, and mixed convection parameter is to increase the momentum boundary layer thickness and to decrease the thermal, solutal, and nanoparticle boundary layer thickness. Brownian motion parameter that has an opposite effect on temperature and nanoparticle concentration profiles but similar effect on temperature and nanoparticle concentration profiles is observed in case of thermophoresis parameter.
Increasing values of temperature ratio parameter θ w extinguishes the rate of heat transfer |θ ′ (0)| for fixed Pr and R. The temperature ratio parameter θ w and the thermal radiation parameter R have the same effect. From a qualitative point of view, temperature increases within creasing θ w and R. However, thermal boundary layer thickness decreases when the Prandtl number increases. In coolant factor, nonlinear thermal radiation is a superior copier to linear thermal radiation (Table 6 ). The temperature profile as well as thermal boundary layer thickness increases with an increase in both Biot and modified Dufour parameter. Solutal concentration profile increases for higher values of Dufour Lewis number whereas it decreases with increase in values of regular Lewis number.
